Several studies show that adenosine is a powerful coronary vasodilator.12 Its onset and offset of actions are rapid, and its duration of action is short. The degree of coronary hyperemia is comparable to that achieved by intracoronary papaverine and equal to or greater than that of dipyridamole.2,3 Verani et a14 introduced adenosine 201T1 imaging for clinical use in 1990. Since then several studies,5-7 including those from our institution, have shown a high degree of sensitivity and specificity in detecting coronary artery disease (CAD) using single-photon emission computed tomographic (SPECT) imaging with 20MTI. These results are similar to those obtained with intravenous dipyridamole as recently summarized by Beller.8 The mechanism of adenosine-and dipyridamole-induced perfusion abnormalities has been thought to be caused by disparity in coronary flow responses in normal and diseased arteries, which results in differences in tracer concentration in the respective myocardial regions. In some patients, coronary artery steal, either transmural (transverse or intracoronary) or intercoronary (or vertical), has been suggested.6'9 As pharmacological stress testing becomes increasingly accepted as an alternative method for diagnosing CAD and risk assessment, it is important to evaluate the hemodynamic and angiographic correlates of the perfusion pattern. This study was, therefore, designed to examine the correlation between the 20`T1 perfusion pattern to hemodynamic and angiographic changes observed during intravenous infusion of adenosine in patients with and without CAD. Methods
Patient Population
This study involved patients undergoing cardiac catheterization and coronary angiography for the evaluation of chest pain syndromes. Each myocardium, and count densities were measured to derive the lung-to-heart 20`T1 uptake ratio. In our laboratory, the upper normal limit of lung-to-heart 201Tl ratio is 45%.10 For quantitation of the perfusion abnormality, a polar map was used. Each patient's profile was compared to the sex-matched normal file. The extent of perfusion abnormality was estimated as the percentage of the total area with 2.5 SD points below the mean normal limit. The severity score was derived from the extent and the number of SD below the mean normal for each point within the abnormal area. The extent of the perfusion abnormality was also defined by the number of abnormal segments using 20 segments per patient: six in each of these short axis slices at the apical, mid, and basal levels and two apical slices in the vertical long-axis view at the midventricular level as previously described.7
The coronary angiograms were analyzed quantitatively using computerized edge detection technique averaging two orthogonal views to measure the dimension of a normal proximal segment, stenosis segment, and segments immediately proximal and distal to the stenosis segment. In patients with CAD and sequential lesions in the same vessel, the most severe stenosis was used for analysis. In patients with normal coronary angiograms, a normal segment was used for analysis. The intraobserver variability in repeated measurements was very small (5.2%, No.= 12).
The left ventriculograms were analyzed quantitatively using a computerized center of mass technique (ADAC Laboratories, Milpitas, Calif.) to measure the end-diastolic volume, end-systolic volume, ejection fraction, and regional chordal shortening. The wall motion was assessed by dividing the left ventricle into five segments: two anterior, one apical, and two inferior. The percent regional chordal shortening in these five segments was used to determine regional wall motion. The intraobserver variability on repeated measurements was very small (4.9%, No.=16). Regional wall motion was assessed qualitatively using a derived wall motion score: dyskinetic, 0; akinetic, 1; hypokinetic, 2; normal, 3; and hyperkinetic, 4 
Hemodynamic Changes During Adenosine Infusion
The changes in hemodynamics during adenosine infusion in patients with and without CAD are summarized in Table 2 . There were slight but significant increases in heart rate and cardiac output and slight but significant decreases in systemic vascular resistance and aortic pressure. 
Changes in Coronary Dimensions
Changes in coronary dimensions are summarized in Table 3 . In normal subjects, there was slight dilatation of the epicardial arteries. In patients with CAD, a similar degree of dilatation was noted in the proximal normal segment. The stenosis segment and the segments adjacent to the stenosis segment also dilated slightly; therefore, there was no significant change in percent diameter (or area) stenosis.
Changes in Left Ventricular Performance
Of the 16 patients who had left ventriculograms during adenosine infusion, one was excluded because of the presence of multiple ventricular premature beats during angiography. Of the remaining 15 patients, five had no CAD and 10 had CAD. The changes in end-diastolic volume, end-systolic volume, and ejection fraction are summarized in Table 4 . None of the patients developed mitral regurgitation even though some of these patients had marked increase in the pulmonary capillary wedge pressure and prominent V waves in the pressure tracing (Figure 3) . The global left ventricular systolic function improved or remained unchanged. Hyperdynamic contraction pattern was the rule instead of the exception, which makes optimum opacification of the left ventricular cavity with contrast material often difficult. The 20`T1 images showed transient defects in all 10 patients with CAD. Of the 75 segments in the 15 patients, 31 segments showed 201T1 perfusion abnormalities, but only six (8%) showed worsening of wall motion from normal to mild hypokinesia during adenosine infusion (p<0.001). Of six segments, only three showed demonstrable wall motion deterioration by quantitative analysis. The remaining segments showed unchanged or hyperdynamic contraction pattern. The perfusion defects were reversible in 22 of 31 segments (71%). There was slight left ventricular dilatation during adenosine infusion in patients with CAD.
ST Segment Depression
Of the 33 patients with CAD, 11 had ST segment depression during adenosine infusion. One of the 12 patients without CAD had ST segment depression. A comparison between patients with and without ST depression is shown in Table 5 . The extent of CAD and the hemodynamic changes were similar in the two groups of patients. In fact, of the 10 patients who had marked elevation of the pulmonary wedge pressure 
Results of SPECT 201T1 IMaging
All 12 patients without CAD had normal images (specificity, 100%) whereas 31 of the 33 patients with CAD had perfusion abnormalities (sensitivity, 94%). In 27 patients, the perfusion defects were reversible (complete and partial). There was a significant linear correlation between the number of segments with perfusion abnormalities and the pulmonary capillary wedge pressure during adenosine infusion (Figure 4) . The correlation was similar when the segments with reversible defects were used (r=0.43, p<O0.OO4). A representative example of SPECT`0T1 images and the corresponding hemodynamic changes is shown in Figure 5 . There was no significant correlation between lung-to-heart`0 T1 ratio and the pulmonary capillary wedge pressure (r= 0.11, p=NS). Side Effects of Adenosine These are listed in Table 6 . These are consistent with our experience7 and those of others" in a much larger patient population. The frequency of chest pain was high in this study, which was probably caused by anxiety; however, chest pains and the other side effects were mild, transient, and well tolerated. In normal subjects and patients with CAD, there was approximately a 50% increase in cardiac output. This increase was caused by an increase in heart rate and an increase in stroke volume, which possibly was caused by a decrease in afterload. From the angiographic observations, the increase in stroke volume appears to be caused by a decrease in the end-systolic volume.
Changes in Pulmonary Capillary Wedge Pressure
In normal subjects, there was slight but significant increase in pulmonary capillary wedge pressure. This increase was noted even though these patients had normal 201T1 perfusion pattern during adenosine infusion and (from the limited number of angiographic studies) the presence of hyperdynamic left ventricular performance. Furthermore, in our previous study using two-dimensional echocardiography examinations during adenosine infusion, we also noted hyperdynamic function in normal subjects.6 A possible mechanism for the slight increase in wedge pressure in normal subjects may be augmentation of coronary blood flow, which causes increased coronary turgor (erectile or hydraulic effect) and increased left ventricular stiffness. Vogel et a114 found in isolated perfused rabbit hearts that adenosine infusion caused increased left ventricular myocardial thickness and decreased diastolic compliance. This mechanism may also in part be responsible for the increased wedge pressure in patients with CAD. The increase in the pulmonary capillary wedge pressure in patients with CAD was significantly higher than that observed in normal subjects; in 10 of the 33 patients (30%), the increase was greater than 2 SDs above the mean change observed in patients with no CAD. Possible mechanisms include left ventricular dilatation, left ventricular systolic dysfunction caused by ischemia, mitral regurgitation, and diastolic dysfunction. Many of our patients developed prominent V waves during adenosine infusion, which is suggestive of mitral regurgitation, possibly on the basis of papillary muscle dysfunction. The contrast angiographic studies, however, showed that none of these patients had mitral regurgitation. Furthermore, the global systolic function improved or remained unchanged despite marked hemodynamic abnormalities and concomitant perfusion abnormalities. Therefore, 31 segments (41%) had perfusion abnormalities whereas only six (8%) had mild regional dysfunction (p<0.01). The above hemodynamic abnormalities suggest the presence of diastolic left ventricular dysfunction. It is quite possible that diastolic dysfunction is a more sensitive marker of ischemia than systolic dysfunction and, therefore, more readily detected. Our previous observations6 using twodimensional echocardiography also showed that most patients with CAD had improved wall motion in the presence of`'Tl perfusion abnormalities.
The difference between our observations and those of other groups is not clear, but several possibilities should be considered. These include experience and expertise in detecting subtle changes; the use of a high dose of dipyridamole by Picano' al'8 reported a sensitivity of 40% using adenosine echocardiography, and in the study by Zoghbi et al,19 only 25 of 54 patients with CAD (46%) had "ischemic" abnormality, although the definition of CAD was also >70% diameter stenosis. Finally, echocardiographic evaluation is based on subjective assessment and may be affected by pretest bias whereas our ventriculographic analysis was based on subjective analysis and computer assisted quantitative method. It is also possible that systolic thickening may be a more sensitive marker of ischemia, and two-dimensional echocardiography is more sensitive than contrast ventriculography in allowing identification of ischemia-provoked wall motion abnormalities; further studies, however, are required to verify this. Furthermore, in recent studies using Doppler examination of left ventricular function in our laboratory,20 we have observed abnormalities in the peak E wave velocity, E wave velocity integral, and E-to-Avelocity integral ratio, which is suggestive of diastolic dysfunction. The use of diastolic markers of dysfunction for the diagnosis of CAD requires further studies in a broader spectrum of patient population, especially those with hypertension who may have such dysfunction in the absence of coexistent CAD.
ST Segment Depression
Of the 33 patients with CAD, 11 had ST segment depression during adenosine infusion. The In our study, there was no significant correlation between lung-to-heart 20MT1 ratio and pulmonary capillary wedge pressure during adenosine infusion. The most probable explanation for this finding is that the method we used to measure the ratio was based on a single frame during SPECT acquisition, which is approximately 6 minutes after the start of imaging at which time considerable washout of lung 201T1 has already occurred. The lung-to-heart 201T1 ratio obtained by our method is lower than those obtained when a separate planar image is acquired immediately before SPECT acquisition.27 It will remain to be seen whether measurement of coronary sinus lactate will be useful in assessing the presence or absence of myocardial ischemia. In animal studies, the infusion of adenosine has not been shown to increase coronary sinus lactate level in the absence of ischemia. 28 Therefore, an increase in lactate production is suggestive of ischemia; however, the lack of such an increase may not be support against ischemia because of the dilution problem with effluent drainage from other nonischemic myocardial regions. Some of the limitations of this study already have been discussed. These include the use of single plane contrast left ventriculography and the effect of cardiac medications. Others include the sample size, patient selection, and a possible negative inotropic effect of contrast material on left ventricular performance. It should be noted, however, that hemodynamic measurements were allowed to return to baseline, and the repeated measurements before adenosine infusion were subsequently used in the analysis.
Summary
Adenosine infusion results in perfusion abnormalities in most patients with CAD associated with marked hemodynamic abnormalities in some but not all patients. These hemodynamic abnormalities are observed in the presence of preserved or improved global systolic left ventricular performance and minimal regional dysfunction.
